In glaucoma, the increased release of glutamate is the major cause of retinal ganglion cell death. Cannabinoids have been demonstrated to protect neuron cultures from glutamate-induced death. In this study, we test the hypothesis that glutamate causes apoptosis of retinal neurons via the excessive formation of peroxynitrite, and that the neuroprotective effect of the psychotropic ⌬9-tetrahydroxycannabinol (THC) or nonpsychotropic cannabidiol (CBD) is via the attenuation of this formation. Excitotoxicity of the retina was induced by intravitreal injection of N-methyl-Daspartate (NMDA) in rats, which also received 4-hydroxy-2,2,6,6-tetramethylpiperidine-n-oxyl (TEMPOL, a superoxide dismutase-mimetic), N--nitro-L-arginine methyl ester (L-NAME, a nitric oxide synthase inhibitor), THC, or CBD. Retinal neuron loss was determined by TDT-mediated dUTP nick-end labeling assay, inner retinal thickness, and quantification of the mRNAs of ganglion cell markers. NMDA induced a dose-and time-dependent accumulation of nitrite/ nitrate, lipid peroxidation, and nitrotyrosine (foot print of peroxynitrite), and a dose-dependent apoptosis and loss of inner retinal neurons. Treatment with L-NAME or TEMPOL protected retinal neurons and confirmed the involvement of peroxynitrite in retinal neurotoxicity. The neuroprotection by THC and CBD was because of attenuation of peroxynitrite. The effect of THC was in part mediated by the cannabinoid receptor CB1. These results suggest the potential use of CBD as a novel topical therapy for the treatment of glaucoma. (Am J Pathol 2003, 
In glaucoma, reduction in intraocular pressure is frequently insufficient to prevent progression of visual field loss. Rather, glutamate-induced neurotoxicity plays an important role in glaucoma. 1 Glutamate, an important neurotransmitter released from photoreceptor and bipolar cells, is present in high concentration in retinal ganglion cells. 2 However, when excess glutamate is released into the surrounding medium because of compression or vascular occlusion, it is thought to activate a toxic response in adjacent cells. Excitotoxicity is mediated by overstimulation of the N-methyl-D-aspartate (NMDA) and non-NMDA receptors, a mechanism that has been demonstrated in the retina. 3 Overstimulation of these receptors leads to excessive levels of intracellular calcium. 4 This in turn leads to activation of nitric oxide synthase and excess accumulation of superoxides and nitric oxide (NO), causing lipid peroxidation, mitochondrial dysfunction, DNA damage, and the eventual cell death. 5, 6 Elevated glutamate levels have been found in the vitreous of glaucomatous patients and monkeys with glaucoma. 7 Similarly, high glutamine, suggesting high extracellular glutamate, has been found in the retinal Mü ller cells of glaucomatous monkey eyes. 8 The reaction product of superoxides and NO, peroxynitrite (ONOO Ϫ ), was recently identified in the retinal ischemia-reperfusion injury. 6 The causal role of ONOO Ϫ in the glutamate-induced retinal excitotoxicity in glaucoma, however, has not been determined.
In vitro and in vivo studies have demonstrated that ischemia-induced neurotoxicity can be reduced by antioxidants 9, 10 or by inhibitors of nitric oxide synthase. 11 TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-n-oxyl), a superoxide dismutase mimetic that permeates biological membranes 12 and scavenges superoxides and hy-droxy radicals, 13 for example, has been shown to be an effective neuroprotectant in a gerbil model of cerebral ischemia. 14 A competitive inhibitor of nitric oxide synthase, N--nitro-L-arginine methyl ester (L-NAME), has also been demonstrated as a retinal neuroprotectant in a rat model of NMDA-induced retinal neurotoxicity. 15 The neuroprotective effects of these molecules may be because of their ability to reduce the formation of reactive oxygen species, NO, or ONOO Ϫ in these animals. However, this mechanism has not been studied.
Cannabinoid components of marijuana, such as (Ϫ)⌬9-tetrahydrocannabinol (THC), or the synthetic cannabinoid WIN55,212-2, have been shown to prevent glutamate-or NMDA-induced neurotoxicity in isolated neurons 16 or in the brain 17, 18 via activation of the cannabinoid receptor subtype CB1. The major obstacles to the therapeutic utilization of cannabinoids are their psychotropic effects, which are also mediated by actions on CB1 receptors. However, the nonpsychotropic component of marijuana, cannabidiol (CBD), and the synthetic nonpsychotropic cannabinoid, HU-211, as well as THC have been demonstrated as potent antioxidants and/or NMDA receptor antagonists that protect neuron cultures from glutamate-induced death 19 or from oxidative stress. 20 Immediate administration of HU-211 in a calibrated crush injury of adult rat optic nerve reduces injury-induced metabolic and electrophysiological deficit. 21 These findings have prompted us to study the mechanism of glutamate-induced neurotoxicity in the retina and to investigate the actions of cannabinoids in preventing the neurotoxicity. In this report, we show that formation of superoxide (measured as lipid peroxidation), NO (measured as nitrite/nitrate), and ONOO Ϫ (measured as nitrotyrosine) have a key role in NMDA-induced neurotoxicity in the rat retina. Further, we demonstrated that THC and CBD are neuroprotective against NMDA-induced retinal injury and that their protective actions are in part because of an effect in reducing formation of lipid peroxides, nitrite/nitrate, and nitrotyrosine.
Materials and Methods

Animals
Adult male albino Sprague-Dawley rats (ϳ250 g, 50 to 55 days old) from Harlan (Indianapolis, IN) were used in this study. Animals were maintained in clear plastic cages and subjected to standard 12-hour light/12-hour dark light cycles. Light levels at the bottom of cages were controlled at Յ1.5 foot candles (16.1 lux) to avoid the possibility of light damage in the retina. Animals were used for experiments only after a period of acclimation of at least 5 days in the animal room at regulated temperature (22 to 24°C).
Administration of NMDA, TEMPOL, L-NAME, THC, and CBD
The procedure to induce excitotoxic cell loss in rat retinas was essentially the same as previously described 3, [22] [23] [24] [25] with the following modifications. The volume of intravitreal injections was originally set at 5 l. 22, 25 To avoid solution loss from the injection site, this volume was reduced to 2 l. To ensure the proper delivery and even distribution of the intravitreally injected compounds, all solutions for intravitreal injection contained 5 g/ml of Fast Green FCF (Sigma, St. Louis, MO). Animals anesthetized by intraperitoneal injection of ketamine and xylazine (80 mg/kg and 12 mg/kg, respectively) as previously described [23] [24] [25] were given a single intravitreal injection of one of the following solutions. NMDA (Sigma) solution in 0.1 mol/L of phosphate-buffered saline (PBS) was neutralized with 0.1 mol/L of NaOH. TEMPOL (Sigma) and L-NAME (Sigma) were also dissolved in PBS. Injections of NMDA alone, or in combination with TEMPOL or L-NAME, were made with 30-gauge needles mounted to 10-l Hamilton syringes. For controls, the contralateral eyes were injected with 2 l of either PBS or neutralized N-methyl-L-aspartate (NMLA, Sigma). The tip of the needle was inserted under the guidance of a Leica Wild M650 dissecting microscope (Leica, Heerbrugg, Switzerland) through the dorsal limbus of the eye. Injections were performed slowly throughout a period of 2 minutes. The volume of the injected solution apparently did not cause significant pressureinduced retinal damage, because both PBS-and NMLAinjected control eyes showed normal retinal morphology with no apparent apoptosis within 7 days. Neomycin/ polymyxin B/bacitracin ophthalmic ointment was applied to the injected eyes and animals were allowed to recover. Rats were killed at various times and the eyes were enucleated and processed for further analyses. In parallel studies, rats injected with NMDA were given an intravenous injection of THC, SR141716A (National Institute of Drug Abuse, Research Triangle Park, NC) or CBD (Sigma) through one of the lateral tail veins. These compounds were prepared for injection solutions by slowly adding 100 l of the stock solutions in absolute alcohol into rapidly stirred 0.9 ml of 25% bovine serum albumin in PBS under argon. Animals were given an intravenous injection of 200 l of 0.5 g/l or 2.5 g/l (0.4 or 2 mg/kg of body weight) of THC, 1 or 2 mg/kg of SR141716A, or 2 mg/kg of CBD immediately before the intravitreal injection of NMDA, NMLA, or PBS. For animals to be analyzed at day 7 after NMDA treatment and after the initial injection of THC, a booster injection of THC at the same doses was given at the third day. For control, the same volumes of vehicle, including alcohol, bovine serum albumin, and PBS were used for the intravenous injection. Experiments were conducted in a blind manner as to the treatment conditions.
Measurement of Nitrite and Nitrate
NO production was determined by measuring the levels of nitrite and nitrate, the stable oxidized products of NO, in the supernatant of PBS homogenate of rat retinas by modified Greiss reagent assay. 26 Briefly, retinas in cold PBS mixed with acid/base-washed, baked Ottawa sand were homogenized in 1.5-ml Eppendorf tubes with Mini-Beadbeater (BioSpec Products, Minebea Co., Ltd., Bangkok, Thailand) for 20 seconds at 4°C. The homogenate of 210 l was incubated with nitrate reductase (10 mU) and NADPH (12.5 mmol/L) for 30 minutes at 37°C. The total nitrite in each sample was determined by addition of 200 mU of L-glutamate dehydrogenase, 100 mmol/L NH 4 Cl, and freshly prepared 4 mmol/L of ␣-ketoglutarate. Enzyme reduction was monitored by including an NO 3 Ϫ standard. The mixture was incubated at 37°C for 10 minutes followed by addition of 250 l of Greiss reagent and incubation for another 5 minutes. The absorbance at 543 nm was recorded versus the blank. Concentrations of total nitrite were calculated from a standard curve constructed using NaNO 2 /NaNO 3 standards. Protein levels were measured by the Bradford method (Bio-Rad, Hercules, CA) and nitrite/nitrate level was expressed as nmol per mg of protein.
Measurement of Lipid Peroxidation
Lipid peroxide concentration was determined by a method that measures the amount of thiobarbituric acid reactivity by the amount of malondialdehyde (MDA) formed during acid hydrolysis of the lipid peroxide compound. 27 Retina homogenate was prepared at a ratio of 1 g wet tissue to 9 ml of 1.15% KCl. The reaction mixture contained 0.1 ml of retina homogenate, 0.1 ml of 8.1% sodium dodecyl sulfate, 0.75 ml of 20% acetic acid solution (buffered to pH 3.5), and 0.75 ml of 0.8% thiobarbituric acid. The mixture was then incubated at 95°C for 1 hour. After cooling, 0.5 ml of distilled water followed by 2.5 ml of the mixture of n-butanol and pyridine (15:1, v/v) was added and the final mixture was shaken vigorously. After centrifugation (4000 rpm, 10 minutes) absorbance of the solvent layer was measured at 532 nm. Tetraethoxypropane was used as external standard. Lipid peroxide level was expressed in terms of nmol of MDA per mg of protein.
Measurement of Retinal Nitrotyrosine by Immunochemical Slot-Blot Analysis
Peroxynitrite (ONOO Ϫ ) is a short-lived molecule at physiological pH, but it has been shown to nitrate protein tyrosine residues. Therefore, slot-blot analysis of nitrotyrosine immunoreactivity was used to assay ONOO Ϫ formation. 14, 28, 29 Retinas were homogenized in RIPA lysis buffer (20 mmol/L Tris, pH 7.4, 2.5 mmol/L ethylenediaminetetraacetic acid, pH 8, 1% Triton X-100, 1% deoxycholate, 1% sodium dodecyl sulfate, 50 mmol/L sodium fluoride, 10 mmol/L sodium pyrophosphate, 1 mmol/L of phenylmethyl sulfonyl fluoride). Duplicate protein samples were immobilized onto polyvinylidene difluoride membrane using a slot-blot microfiltration unit. After blocking with 5% nonfat milk, the polyvinylidene difluoride membrane was reacted with a monoclonal anti-nitrotyrosine antibody (Cayman Chemical Co., Ann Arbor, MI) followed by peroxidase-labeled goat anti-mouse IgG and enhanced chemiluminescence. Relative levels of nitrotyrosine immunoreactivity were determined by densitometry and comparison with a standard curve generated from the ONOO Ϫ -modified bovine serum albumin (Cayman Chemical Co.).
Measurement of Retinal Nitrotyrosine by Immunohistochemistry (Immunofluorescence)
The distribution of nitrotyrosine in retinal sections was analyzed using immunohistochemistry. 30 OCT-frozen eye sections (8 m) perpendicular to the retinal surface were analyzed at several adjacent locations along the vertical meridian within 1 to 2 mm of the optic disk according to Hughes. 31 The eye sections were reacted with a polyclonal rabbit anti-nitrotyrosine antibody (Upstate Biotechnology, Lake Placid, NY), followed by Oregon Greenconjugated goat anti-rabbit antibody (Molecular Probes, Eugene, OR). On completion of the immunostaining, coverslips were applied using Vectashield mounting medium for fluorescence (Vector Laboratories, Burlingame, CA) with or without 1 g/ml of propidium iodide (Sigma). Data were analyzed using fluorescence microscopy with controlled, constant exposure and Ultra-View morphometric software to quantify intensity of immunostaining.
Terminal dUTP Nick-End Labeling (TUNEL) Assay for in Situ Detection of DNA Fragmentation
TUNEL was performed using the ApopTAG in situ apoptosis detection kit-fluorescein (Intergen, Purchase, NY), following the manufacturer's directions. Eyes from at least three animals of each group were analyzed. OCT-frozen eye sections (8 m) perpendicular to the retinal surface were analyzed at three to four adjacent locations along the vertical meridian within 1 to 2 mm of the optic disk. 31 Each assay included a number of controls treated identically to the experimental tissue. For negative-stain control, deionized water was substituted for the TdT enzyme in the reaction buffer. A positive-stain control was generated by incubating a specimen 15 minutes with 1 l of nuclease enzyme mixed with 50 l of nuclease buffer (ApoTACs kit; R&D Systems, Minneapolis, MN). On completion of the TUNEL assay, coverslips were applied using Vectashield mounting medium for fluorescence (Vector Laboratories) containing 1 g/ml of propidium iodide. Tissues were viewed by epifluorescence using standard fluorescein excitation and emission filters. Each section was systematically scanned for positive green fluorescent cells indicating apoptosis. To distinguish between structures that autofluoresced versus those that were TUNEL-positive, all slides were examined first with the rhodamine (red) filter, then with the fluorescein isothiocyanate (green) filter. Autofluorescent structures were visible under both filters, whereas TUNEL-positive cells were detectable using only the green filter. Positively labeled cells were counted in the retinal ganglion cell layer and the inner nuclear layer separately under a fluorescence microscope with ϫ400 magnification. Images were obtained using a Zeiss Axioplan 2 fluorescent microscope (Carl Zeiss Inc., Germany) equipped with a Spot Camera and Spot Software version 2.2 (Diagnostic Instruments, Inc., Sterling Heights, MI).
Morphometry of Inner Retinal Thickness Measurements
Eyes from each group at day 7 after NMDA or vehicle treatment with or without THC were analyzed. OCT-frozen eye sections (8 m) perpendicular to the retinal surface were measured at two adjacent locations along the vertical meridian within 1 to 2 mm of the optic disk. Ultra-View morphometric software was used to measure the thickness of the inner retina (distance between the inner limiting membrane and the inner border of outer nuclear layer). Readings from three to four sections from each eye were averaged to obtain the mean value for that eye.
Comparative Quantitative Reverse Transcriptase-Polymerase Chain Reactions (RT-PCR)
The levels of Thy-1, neurofilament light (NF-L; MW 70 to 80 kd) and internal standard, 18S ribosomal RNA (rRNA), from total RNAs present in the retinas were determined with a comparative quantitative RT-PCR technique (Ambion Inc., Austin TX). Thy-1 antigen is primarily associated with retinal ganglion cells. 32 NF-L is primarily associated with ganglion cell axons. 33 Therefore, determining Thy-1 and/or NF-L mRNA levels relative to the level of an internal standard such as 18S rRNA is one way of assaying for ganglion cell number. We determined the effect of NMDA and THC on Thy-1 and NF-L mRNA. Briefly, total RNA was extracted from sand-homogenized retinas using total RNA purification reagent, RNAwiz (Ambion), which is based on the use of detergent, chaotropic salts, and phenolic extraction to denature the RNase and solubilize the total RNA, and first-strand cDNA synthesis with random hexamers performed on 2 g of DNasetreated RNA (Life Technologies/Invitrogen, Carlsbad, CA). The individual cDNA species were amplified in a reaction containing a cDNA aliquot, PCR buffer, and MgCl 2 . Reactions were initiated by incubating at 95°C for 15 minutes (Qiagen, Valencia, CA). PCR (94°C, 40 seconds; 58°C, 30 seconds; 72°C, 30 seconds) was performed for a suitable number of cycles to ensure that amplification was within exponential phase (cycle numbers: Thy-1, 25 or 26; NF-L, 24), followed by a final extension at 72°C for 7 minutes. The abundant internal standard, 18S rRNA, was amplified to the levels comparable to Thy-1 or NF-L by using primer and competimer mixtures (Ambion) at various ratios. Interexperimental variations were avoided by performing all amplifications in a single run. Oligonucleotides primers used were 5Ј-CGCTTTATCAAGGTCCTTACTC-3Ј and 5Ј-GCGTTTTGA-GATATTTGAAGGT-3Ј (sense and anti-sense for Thy-1, to amplify a 344-bp fragment) and 5Ј-ATGCTCAGATCTC-CGTGGAGATG-3Ј and 5Ј-GCTTCGCACTCATTCTC-CAGTT-3Ј (sense and anti-sense for NF-L, to amplify a 365-bp fragment). PCR reaction products were sepa-rated on 2% agarose gels using ethidium bromide for visualization. The relative abundance of each PCR product was determined by quantitative analysis of photographs of gels on a densitometer.
Data Analysis and Statistics
All data are reported as mean Ϯ SE. Statistical analysis used analysis of variance to determine whether there was a difference between NMDA-, NMLA-, or PBS-injected control eyes in the presence or absence of TEMPOL, L-NAME, THC, or CBD. Fisher's posthoc least significant difference test was used for multiple comparisons. P Ͻ 0.05 or P Ͻ 0.01 (as indicated) was considered significant.
Results
NMDA Increases Peroxynitrite Formation in the Retina in a Dose-and Time-Dependent Manner
Peroxynitrite (ONOO Ϫ ), the product of superoxide and NO, has been implicated in retinal ischemia-reperfusion injury. To explore the role of ONOO Ϫ in retinal cell death induced by glutamate neurotoxicity, we first determined the formation of ONOO Ϫ in the rat retina after intravitreal injection of NMDA. Because ONOO Ϫ has been shown to nitrate protein tyrosine residues, ONOO Ϫ formation in the retina was evaluated by slot-blot analysis of nitrotyrosine immunoreactivity. As shown in Figure 1, A and B , intravitreal injection of NMDA produced a dose-and timedependent increase in nitrotyrosine formation, which peaked at 18 hours after the injection.
To confirm that the above NMDA-induced increases in tyrosine nitration are the result of ONOO Ϫ formation, we next analyzed the formation of superoxide anion and NO in the NMDA-treated retinas. Superoxide formation was determined by measuring lipid peroxidation using an assay for MDA formation. As shown in Figure 1C , intravitreal injection of NMDA (200 nmol/eye) produced a time-dependent increase in MDA formation that paralleled the increase in tyrosine nitration, reaching a maximal level at 18 hours after the injection. Formation of NO was evaluated by measuring the stable NO end products, nitrite and nitrate, which also peaked at 18 hours after the injection ( Figure 1D ). In the above studies, intravitreal injection of PBS or NMLA at 200 nmol/eye in the contralateral eyes had no effect on the formation of nitrotyrosine, MDA, or nitrite/nitrate as compared with uninjected eyes (data not shown). These results suggest that NMDA treatment increases ONOO Ϫ formation in the rat retina in a dose-and time-dependent manner.
NMDA-Induced Neurotoxicity Is Prevented by Inhibiting Peroxynitrite Formation
We next evaluated the role of ONOO Ϫ formation in NMDA-induced neurotoxicity. As shown in Figure 2A and the quantitative analysis in Figure 2B , intravitreal NMDA treatment (80 or 200 nmol/eye) produced a dose-depen-dent increase in the number of TUNEL-positive retinal cells, which were located almost exclusively in the inner nuclear layer (INL) and ganglion cell layer (GCL). This neurotoxicity was almost completely eliminated by the superoxide scavenger TEMPOL (0.4 mg/eye) or the nitric oxide synthase inhibitor L-NAME (0.1 mg/eye) co-injected with NMDA. As shown in Figure 2C and the quantitative analysis in 2D, the NMDA-induced neurotoxicity involved significant tyrosine nitration within the retinal pigment epithelium (RPE), inner segment (IS), and inner nuclear layers (INL) with strongest immunoreactivity within the ganglion cell layer (GCL). This tyrosine nitration was almost completely eliminated by TEMPOL or L-NAME. TEMPOL or L-NAME also significantly inhibited the NMDA-induced MDA formation (Figure 2E ), whereas L-NAME, but not TEMPOL, significantly inhibited the NMDA-induced nitrite/nitrate formation ( Figure 2F ), demonstrating that TEMPOL is not an inhibitor for nitric oxide synthase. The L-NAME or TEMPOL treatment had no detectable effect on the untreated control eyes (data not shown). These results suggest that increased ONOO Ϫ formation plays an important role in glutamate-induced retinal neurotoxicity.
NMDA-Induced Retinal Neurotoxicity Is Prevented by THC
To evaluate the efficacy of systemic THC in preventing the NMDA's neurotoxic effects, we first determined its effects on apoptosis as shown by TUNEL assay. Rats were given an intravenous injection of THC suspension immediately before the intravitreal injection of NMDA and the retinas analyzed at 18 hours after injection. The typical result from one of three independent TUNEL assays is shown in Figure 3A and the results quantified in Figure  3B . As shown, THC (0.4 and 2 mg/kg) produced a dosedependent reduction in the number of TUNEL-positive cells in the NMDA-treated retinas (80 nmol/eye). In eyes treated with higher dose of NMDA (200 nmol/eye), THC at 0.4 mg/kg or 2 mg/kg also showed dose-dependent reduction in the apoptotic cell number (data not shown).
This cytoprotective effect of THC was confirmed by analysis of inner retinal thickness on day 7 after NMDA treatment. In this experiment, after the initial injection of THC and NMDA on day 1, a booster intravenous injection of THC at the same dose was given on day 3. Typical retinal images are shown in Figure 3C and the quantita- tive analysis is summarized in Figure 3D . As shown, the NMDA treatment caused a significant decrease in thickness of the inner retina, which was prevented by the THC treatment. Both doses of THC (0.4 and 2 mg/kg) were effective in preventing the cell loss and essentially restored inner retinal thickness to the normal level. Sys-temic THC injection in PBS-injected eyes had no effect on inner retinal thickness (data not shown).
We next evaluated the treatment effects on retinal ganglion cell loss, by using Thy-1 antigen as a marker for retinal ganglion cells and NF-L as a marker for ganglion cell axons. 31, 32 At day 7 after THC and NMDA injections, we measured Thy-1 and NF-L mRNA levels in the retina using comparative quantitative RT-PCR to determine whether changes in the number of ganglion cells vary under NMDA and THC treatments. Figure 3E shows an ethidium bromide-stained gel of representative samples from a typical experiment. Figure 3F summarizes the results of four experiments. As shown, intravitreal injection of NMDA caused a significant loss of both Thy-1 and NF-L mRNA at day 7. THC offered a dose-dependent protection against this loss. THC in PBS-injected eyes had no effect on Thy-1 or NF-L mRNA (data not shown).
To evaluate the potential mechanisms underlying the protective effects of systemic THC in preventing NMDA neurotoxicity in the retina, we first determined whether THC treatment attenuated the formation of proteins nitrated on tyrosine, lipid peroxidation, and nitrite/nitrate levels in the NMDA-treated rat retinas. Rats were given an intravenous injection of THC suspension immediately before the intravitreal injection of NMDA and the retinas analyzed at 18 hours after injection. In Figure 4A , which shows the analysis of immunofluorescence of nitrotyrosine residues in the retina, THC (0.4 and 2 mg/kg) caused a dose-dependent reduction in the NMDA (80 and 200 nmol/eye)-induced immunofluorescence of nitrotyrosine. In Figure 4B , which shows the analysis of immunochemical slot blot, systemic THC (2 mg/kg) significantly inhibited tyrosine nitration induced by intravitreal NMDA (200 nmol/eye), confirming the immunofluores-cence result. In these analyses, THC alone had no effect. As shown in Figure 4C , THC (2 mg/kg) significantly reduced NMDA-induced MDA formation. Further, THC (2 mg/kg) significantly reduced NMDA (200 nmol/eye)-induced nitrite/nitrate formation ( Figure 4D ). THC alone did not alter MDA formation or nitrite/nitrate levels in the intact eye. Together, these results suggest that THC protects the retinal neurons, as do TEMPOL and L-NAME, and that this effect involves reduction in levels of superoxide anion, NO, and ONOO Ϫ .
The Cannabinoid Receptor CB1 Has a Role in the Neuroprotective Effect of THC
Although THC has been demonstrated in vitro as a potent antioxidant that protects neuron cultures from glutamateinduced death 19 or oxidative stress, 20 THC is a CB1 cannabinoid receptor agonist and is therefore psychoactive. To determine whether the protective effect of THC on the apoptotic effect of NMDA in the retina is mediated via the CB1 receptor, SR141716A, an antagonist/inverse agonist specific to the CB1 receptor subtype was injected along with THC. TUNEL assay was performed at 18 hours after injection. The typical result of the TUNEL assays and the quantitative analysis of four experiments are shown in Figure 5 . As shown, THC at 2 mg/kg reduced the number of NMDA-induced TUNEL-positive cells in the inner retina, and SR141716A at 1 to 2 mg/kg produced a dosedependent increase in the number of these cells. However, even at the high level at 2 mg/kg, SR141716A did not completely block the neuroprotective effect of THC. It is noted that the antagonist alone at 2 mg/kg did not increase the NMDA-induced TUNEL-positive cells, suggesting that the observed neuroprotection-blocking effect by SR141716A was not because of its inverse agonist activity. This result suggests that the activation of CB1 receptors contributes significantly, but not exclusively, to the protective effect of THC.
NMDA-Induced Retinal Neurotoxicity Is Prevented by Cannabidiol (CBD)
To confirm that blocking of nitrotyrosine formation is necessary for neuroprotection in the retina, the nonpsycho-tropic constituent of marijuana, CBD, was injected in rats immediately before the intravitreal injection of NMDA. CBD does not activate the cannabinoid receptors and so is devoid of psychoactive effects. 34 The retinas were analyzed 18 hours later to determine whether CBD treatment attenuated the formation of ONOO Ϫ and whether it reduced the apoptotic effect of NMDA in the retina. Figure 6B shows the typical result of TUNEL assays and the results quantified in Figure 6C . These figures show that CBD also reduces the NMDA (80 nmol/ eye)-induced apoptosis in the retina. Moreover, in eyes treated with higher dose of NMDA (200 nmol/eye), CBD at 2 mg/kg also showed reduction in the number of apoptotic cells (data not shown).
Discussion
The present results demonstrate that oxidative stress as indicated by increases in lipid peroxidation and formation of nitrite and nitrotyrosine plays an important role in the NMDA-induced retinal neurotoxicity. Our finding that L-NAME and TEMPOL attenuate lipid peroxidation and nitrotyrosine formation and prevent NMDA-induced retinal cell death strongly supports a causal role for these reactive oxygen species in NMDA-induced neurotoxicity. Our finding of the neuroprotective effect of TEMPOL without effect on nitrite formation agrees well with a previous study in brain injury. 14 Furthermore, our studies show that systemic THC or CBD also exhibits neuroprotective effects by attenuating nitrotyrosine formation. To the best of our knowledge, this is the first demonstration for TEMPOL, THC, and CBD as retinal neuroprotectants in vivo via attenuating lipid peroxidation and/or nitrotyrosine formation.
Peroxynitrite is difficult to measure because of its instability. Therefore, the presence of ONOO Ϫ in pathophysiological processes is commonly demonstrated by the detection of nitrotyrosine. 35 It should be noted that there are other potential sources of tyrosine nitration in addition to ONOO Ϫ . 36 However, nitrotyrosine is considered to be a likely indicator for ONOO Ϫ under conditions of simultaneous production of NO and superoxide. 28, 29, 37, 38 Our time course study results showing that increases in nitrate/nitrite accumulation and lipid peroxidation parallel nitrotyrosine formation and neurotoxicity strongly implicate ONOO Ϫ formation in NMDA neurotoxicity. Although lipid peroxidation, NO, and ONOO Ϫ accumulation in clinical glaucoma has not been published, a preliminary study supporting a role of these reactive oxygen species in monkey retinas with experimental glaucoma has been reported. 39 We noticed that there are decreases in the formation of nitrotyrosine, MDA, and nitrates after 18 hours of NMDA injection ( Figure  1 ). These decreases are likely because of neuronal cell loss, which mostly occurs at 18 hours of neurotoxicity.
Various doses of THC (0.1, 1, and 10 mg/kg) have been shown to have neuroprotectant function in rat models of cerebral ischemia. 18, 40 In the present work, THC at 0.4-mg/kg and 2-mg/kg dose levels produced a dosedependent decrease in numbers of NMDA-induced TUNEL-positive cells even at high doses of NMDA (200 nmol/eye). 3 To determine the protracted retinal damage and the protective effect of THC, we performed additional experiments at day 7 after NMDA injection. At this time, the net cell loss was evaluated by measuring the inner retinal thickness and by directly determining the expression of ganglion cell-associated genes Thy-1 and NF-L. The results of these analyses are generally in good agreement with the results of TUNEL assay. However, we noticed that the dose-dependent protective effect of THC on Thy-1 and NF-L expressions was not observed in the inner retinal thickness measurements (Figure 3 ). This may be because of the different sensitivities of comparative quantitative RT-PCR compared to the morphological study of inner retina thickness.
Our result shows a dose-dependent, partial blockade of the effect of THC by SR141716A, an antagonist/inverse agonist of the CB1 receptor. This suggests that the neuroprotective effect of THC is because of, at least in part, the activation of CB1 receptor. In support of this possibility, the CB1 receptor is expressed in the inner neurons of the retina, including bipolar, amarcrine, and horizontal cells. 41 Activation of CB1 receptors in these cells could reduce excitotoxicity by inhibiting voltage-sensitive calcium channels 42, 43 as well as by enhancing voltagedependent potassium channel activity (which in turn inhibits excitation). 44 These changes in turn reduce the formation of superoxides and NO. Our result on the effect of THC is similar to the recently reported effect of WIN55,212-2, another cannabinoid receptor agonist, in a murine model. 45 Our result also shows that SR141716A at 2 mg/kg did not completely block the neuroprotective effect of THC. To determine whether the neuroprotective effect of THC is entirely CB1 receptor-dependent, higher SR141716A concentrations than 2 mg/kg should also be tested in our study. However, SR141716A at higher concentrations than required for inhibition of CB1 receptors is known to produce masking actions by indirect effects on other receptor systems. 46, 47 Thus, blockade of neuroprotective effect of THC by SR141716A is not absolute proof of CB1 receptor involvement. An alternative procedure to determine the role of CB1 in THC-mediated retinal neuroprotection should be performed in CB1 receptor knockout mice.
Next, we evaluated the effect of CBD, a nonpsychotropic cannabinoid that does not activate the CB1 receptors. 34 Our study shows that CBD is also neuroprotective in vivo via blocking nitrotyrosine formation. This result confirms that blocking of nitrotyrosine formation is necessary for neuroprotection. Our result is supported by previous in vitro analyses, which have shown that both psychotropic and nonpsychotropic cannabinoids that contain phenolic structures, such as THC and CBD, are similarly potent antioxidants that protect neuron cultures from glutamate-induced cell death 19 or oxidative stress. 20 The latter has been shown in cultured neurons isolated from either CB1 receptor knockout mice or wildtype mice. 30 It should be mentioned that CBD is not only an antioxidant per se but it also inhibits the degradation of an endogenous cannabinoid, arachidonoyl ethanolamide or anandamide, 48 which has been shown as a neuroprotectant through multiple mechanisms including noncannabinoid receptor targets. 49 -52 In addition to the role as an antioxidant, THC could activate the neuroprotective mitogen-activated protein kinase-signaling pathway. 53 Future studies will be required to determine the exact mechanism of neuroprotection by cannabinoids in glutamate-induced retinal neurotoxicity.
In addition to possessing neuroprotective or retinal neuroprotective activity as demonstrated here and elsewhere, cannabinoids such as THC, WIN55,212-2, endogenous cannabinoid 2-arachidonoylglycerol, as well as nonpsychotropic HU-211 have been demonstrated to induce dose-related reductions in intraocular pressure in human and in animal models. 54 -58 This suggests that cannabinoids may offer a multifaceted therapy for glaucoma. The neuroprotective effect of these nonpsychotropic or endogenous cannabinoids is currently under investigation in our laboratory.
In conclusion, our results indicate that lipid peroxidation and ONOO Ϫ formation play an important role in NMDA-induced retinal neurotoxicity and cell loss in the retina, and that THC and CBD, by reducing the formation of these compounds, are effective neuroprotectants. The present studies could form the basis for the development of new topical therapies for the treatment of glaucoma.
